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SECTION I
|
SUMMARY i
;
e
A, INTRODUCTION
Project VT /4053 is directed toward continued developm =nt
of array processing technology for nuclear surveillance and exploitation of
, the superior data available from arrays for analysis of distant P-waves. ]
;
Work during the period covered by this report hag included:
e Processing of vertical array data for the purposes of
evaluating MCF systems and decomposing the ambient
noise field into ~onstituent modes
e Theoretical investigation of the use of horizontal
seisrnometers in combination with vertical seismometers
for extraction of signals
e Processing of CPO teleseisms for the purposes of investi-
gating crustal reverberation deconvclution, determining
depth of focur stud i,  TCPO crustal structvre, and
investigating _ropagation mechanisms
¢ Further study of CPO partial array with particular
emphasis on the problems associated with seismometer
inequalization
® A study of non-directional array processing at TFQ
utilizing the large cross array. ¢
» A study of seismic signal detection as a separate problem
from the problem of signal extraction
e A study of the ability of the Montana LLASA to sevarate
nuclear blast signals from natural earthquakes, and a
study of an operational LASA signal processing system ]
;
e Collection and preparation of seismic data to be used in
future experimental work
# Development of an automated mapping pregram which
’ makes it practizal to present the werld in wavenumber
space relative to a particular station
. ¢ Investigation of the predictability of seismic noise in the
shallow-buried UBC array
¢ A study into thc extraction of teleseismic signalg from
cultural noise at UBO
I-1 E
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B, PROCESSIMNC OF VERTICAL ARRAY DATA

Se~tion II of this report presents results obtained from pro-
cessing vertical array data. Those results considered most pertinent to the
nucleai=cetection problem are presented very briefly in the following para-
graphs,

Analysis of vertical array data has lent support to the hypothe-
sis thai hich.velocity body-wave noise is a significant fraction of the ambient
noise at quiet aites in the frequency range from 0.5 cps to- 1.2 ¢cps. An exam-
pie is the modal analysis of ambient noise at UBU, illusirated in Figure I-1.
The vertical array analysis at UBO has also answered the question as to whe-
ther the high-velocity noise might originate at the surface ir the vicinity of
the array. At UBO, that 20 percent of the arnbient noise power at 1.0 cp=s
which was observed on wavenumber analysis of the surfacs array to be high-
velocity noise, has now been identified on the vertical array as body waves
originating below the vertical array. Further analysis at UBO and a granite
well have supported the hypothesis that the body-wave noise component is
relatively uniform froin one site to the next.

This hypothesis explains the pour signal-to-noise improvement
obtained in this frequency range at very quiet sites by limited aperture sur-
face array: and by deeply buried seismometers {down boreholes), It alio
limits the steady state performance of verticzl arrayvs at the UBO and granite
well sites to a few db in this frequency range, Such systems must be consid-
ered to be limited to reduction of trapped-mode noise bursts at very quiet
sites in this frequency range. Performance for such noise bursts should be
related to the theoretical analyses which have been previously published.
Evaluation of verticzl array performance in this sense has nnt beer completed,

In the frequency range below 0. 3 cps, most evidence supports
the hypothesis that Raylecigh-wave noise is Jominant. Although the vertical
arrays examined have limited aperture for this very low frequency noise,
theoretical studies suggestad a possible moderate perforrsance at very low
frequencies. Steady state noise reduction cf 5 to ¢ db has been observed at
the very low frequencies at the granite well site, However, this could ke due
to instrument gain problems and reyuires further examination.

Analysis suggests (Figure I-1) that above 1.9 to 1.2 cps the
dominant noise, even at quiet sites, is dominantly trapped-mode noise or noise
which is not sufficiently correlated at the experimental jpacings to ke identi-
fiable, In the 1.5 cps to 3. cps band, gains of ‘/ﬁ- or better have been
obtained at guiet sites such as TFO and UBO ard a. noisy sites such as CPQ,
with small aperture surface arrays of N elements., In this frequency range,
it is reasonable to expect good signal-to-noise improvement from vertical
arrays with the limitations suggested by previous theoretical work. Improve-
ments of the order of 10 db have been found at UBO in this frequency range.
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Significant lesser gains have been observed at the granite well, although
data analyzed to date has probably been contaminated by tape noise in the
high-fraquency range.

In evaluation of vertical arrays in the frequency range below
0. % cps and above 1.5 cps, results to dute have been less thun conclusive
because of difficulties in the specification of the signal model. Use of
"measured signal' mnodels is limited to the frequency band where good tele-
seism signai-to-noise ratios have been obtained on individual seismometers,
which thus far have not extended to the low and high frequencies of interest.
Theoretical models are harassed by uncertainties in the relative gains of the
different seismometers. The hest approach would appear to be the use of a
theoretical signal model with limited gain slep , using the best available
estimate of relative signal gain., Thie approach has not yet been adequately
tested at any of the vertical array sites,

The major potential value of vertical arrays in VELA UNIFORM
is twofcld:

(1) Reduction of noise in the 0.5 to 1.5 cps range to body wave noise.
At guiet sites, this imporvement will be small on an average basis.
However, noise "bursts' or intermittent ''local' noise should be
reduced.

(2) The most significant potential cain lies in the frequency band above
1.5 cps. It may turn out that smaller spacings than those employed
so far may be required for raaximum vertical array perforrance in
this high frequency range,

The principal direction of the continuing vertical array work
is in the evaluation of performance above 1.5 cps. If performance signifi-
cantly better than the observed :0 db at UBO can be achieved at quiet sites,
a poseibly attractive system may be a moderate depth vertical array for high-
frequency performance that is combined with some horizontally-disglaced,
near-surface radial seismometers to handle the ow-~frequency microseism
peak. The latter possibility is discussed in the following section,

C. SYSTEMS OF HORIZONTAL AND VERTICAL SEISMOMETERS

Special Report No. 7 entitled ''Array Research Theoreti-
cal Capability of Systems of Horizontal Seismometers for Predicting a
Vertical Component in Ambient Trapped Mode Noige' was published
9 November 1965. A discussion of that report follows.
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i. Muiticomponent Seismometers

Mathematical formulae were derived for the noise-rejection
properties of 2 2-compunent seismometer, consisting of 1 vertical-com-
ponert and 1 horizontal-component instrument at the same point. For
most applicationg, thie system may be considered equivalent to a
3-component seismemeter. It is possible to desiqn a processing system
wherein different filiers are applied to the gutputs of 2 horizontals and the
noise estimate is obtained by summing the filter outputs.

Some general conclusions wers stated regarding the
usefuiness of a single horizontal-~coniponent irstrument for e¢liminating
noise from the output orf a ver:iical mnstrument at the same location. It
appeared that such etfects as syster: noise, gain fluctuations and Love waves
would not generally present serious problems, although in some caser they
may very well do so, The most important consideration is usually the
properties of the noise to be eliminated. If gignificant noise rejection is to
be achieved, then some rather stringent conditions must be satisfied. Even
when theze is only a single-noise mode present, it is essential that the
azimuths of the noise sources be confined within a range somewhat less
than 180° and that the horizontal be oriented near the center of this range.
This requirement follows from the chvious fact that a filter which cancels
out noise traveling in a given direction 1nust also amplify noise traveling
in the ‘opvosite direction. In practice, this requirement may be partially
met in major microseismic "storms."

If miore than one noise mode is important, large differences
in the horizontal-to-vertical transfer functions, k{t), cannot ke permitted.
A two-mode situation was presented in which ac noise rejection is poesible
because one mode is characterized by a progade particle motion and the
other is associated with retrograde motion.

With 2 3~component seigmnmeter at point location, it is
theoreticallvy possible to determine both the direction of propagation and the
shape of the particle orbit for an observed Rayleigh wave, However, the
sense of propagation and the sense of the orbital motior: cannot be found
unless a spatial separation is intreduced into the system. For this reason
it is concluded that ordinary 3-component systems offer little promise for
most applications and that attention must be directed toward arrays .f
horizontal- ard vertical-component scismometers.

I-5
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2. Multicomponent Arrays

Theoretical results obtained in this study indicated that arrays
of horizontal-component seismometers should prove to be useful tools for
the removal of trapped-maode noise from the outputs of vertical-component
instruments. A necessary condition is that the horizontals must be *
spatially separated from the vertical. In the case of a single-noise mode,
arrays with a single ring of horizontal seismometers should perform best
when the array diameter is approximately one-half wavelength. Signal v
enhancement systems employing only vertical instruments require, in
general, array diameters of at least one wavelength. Thus, multicompon-
ent arrays should offer meaningful advantages in terme of land and
telemetry requirements.

It is unlikely that difficuities presented by system noise,
uncorrelated seismic noise and Love waves should be any more serious
than they are in the case of vertical-component arrays. The effect of
additional noise modes on multicomponeut array performance has not been
studied yet. However, it is reasonable to assume that a multiplicity of
modes may be dealt with by the application of multichannel filter techniques
to the outputs of multiple rings of norizontals. It has been shown that an
array cousisting of a number cf rings of verticals can be useful in the
presence of a similar number of noise modes, and there is no known reason
for assuming that this usefulness might be a property peculiar to ver’ical-
component arrays.

The results derived theoretically for multicomponent
seismometer arrays are quite conducive to optimism. It was shown that,
if the array dimensions are suitable {(r/A~0.25), the theoretical prediction
error is less than 0.01, the Love wave response function is less than
0,901 and the Ravleigh wave revponse function is approximately 0.7. Thus,
it is theor=stically possible to predict (and hence remove) more than
99 percent of the Rayleigh noise on the vertical component in the frequency
range in which the wavelength is appropriate. The low value of the Love
wave response function implies that very li{tln extraneous noise power
should be introduced into the system output as a result of Love waves
appearing in the outputs of the horizonial instruments. The high value of
the Rayleigh wave respoase function irmnplies that the filter responses

need not be vnduly large and that uncorrelated noise from the horizontals .

will not be amplified to a serious degree. The finding that all three response
functions take on desirable values in the same range of wavelength is both
unexpected and fortuitous.
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From the results of the theoretical investigations presentad
in this report, it is concluded that multicomponent seismometer arrays
offer a great d=al of promise for signal enhancement applications. Experi-
mental investigations of such systems is underwey using data from TFO.

It is recommended that experimental investigations of such systems be
undertaken at a site where a large percentage of the ambient noise in
trapped-mode noise,

D. ANALYSIS OF CPO TELESEISMS

Several large ensembles of CPO teleseisins have been
analyzed for the purposes of:

Investigating crustal reverberatiou deconvolution
Determining depth of focus

Studying CPO crustal structure

Investigating propagation mechkamisms

Investigating teleseismic sigaal propertics
relevant to the nuclear detection problem

®

Some of these investigations. have been discussed in Semi-
annual Tecunicai Reports 2 and 3, Some further discussion, particularly
with regard to CPO crustal structure, ir pvovided in Section Iil, A com-
plete report on these studies will be provide ~ in Special Report 14. Fairly
good svidence of a significant shallow iayering effect on teleseisms at CPO
has been found. Compensation for this effect by deconvolution has given
improvement in some senses and is probably not highly range-s ensitive. The
deeper reflectors, the Conrad and Mohorovicic, do not present a significant
signal alteratior problem in the short period range and have been only
me rginally identified thus far in teleseism autocorrelations. There is some
question as to the adequacy of the existing ensemble statistics to unambigu-
ously identify deep reflectors due, in part, to the range and azimuth depend-
ence of the delay time for the deep reflectors. It is of interest that the
crustal effects are clearly most evident on deep focus carthquakes 28 a result
of the source simplicity of deep-focus events as compared with shallow events.
It is not unlikely that, even in view of the capabilities of ensemble statisiics,
studies of station response and prepagation path phenomena should be more
£yuitful whea based on a small ensemble of deep-focus events rather than a
large ensemble of shallow events.

E. FURTHER STUDY OF CPO PARTIAL ARRAYS

The scismometer equalization problem at CPO was considered
and the results indica.ed that conclusions previously drawn, regarding the
effectiveness of partial arrays at CPO, remain valid,

-
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F. NONDIRECTIONAL CROS5 ARRAY PROCESSING AT TFO

An MCF system designed to operate on the large c ~oss array
at TEO provided 3 4b to 5 db greater S/N improvement than a simple summa-
t1on at frequercies below about 1.0 cps. At 0.2 cps, the MCF system pro-
vided 8-db S/N improvement relative to a simple summation, Above about
1.0 cp-, the MCF and summation provided about equal S/N improvement.

Results obtained are consistent with the hypothesis that
trapped-mode noise at TFO is 3 to 4 db above body-wavc noise in the 0.25
to 0. 7% cps range ana about 13 db above body-wave noise in the 0.15 to 0.25
crs range. It iz interesting that the latter res:lt is in semiquantitative agree-
ment with the coherence analysas reported in Section VI of Semiannual Tech-
nical Report 3. Thz wavenumber response analysis is of interest in the
general LASA subrystern problem. In the range of 0. 15 to 0.25 cps, the
array is clearly concentrating on a trapped-mode microseismic wavetrain
coming from N 60° E at a velocity of 3 to 4 km/sec. Inthe 0.5 to 1.0 cps
pand, the 10-km array is primarily concentrating on a high-velocity body-
wave component coming from the southeast at a velocity probably in excess of
of 16 km/sec. Above 1.5 cps, the array provides\/ﬁ improvement or better,
whether employed as a simple beam foirmer or as an adaptive noise rejector.

G. DETECTION OF SEISMIC SIGNALS

Special Report No. 8 entitled “"Array Research Preliminary
Report, Matrix Multiply Detection Processing of Array Data' was published
13 October 1965. Assumptions, derivations ‘of equations, and ap illustration
of the method of signal detection by probabilistic processing were presented.

Results of applying a probabilistic processor to actual
signals are presented in Section VI of this report. This processor was
designed using a theoretical model of signal and noise. Three events were
processed and the results were compared with a detectiun scheme employ-
ing Wiener signal-extra:tion processing and the square and integrate
process on the output trace. For one of the signals, an indication of
superiority of the matrix-multiply technique over the Wiener technique
wasg obtained.

It is planned to evaluate the matrix multiply detection
technique using a processor designed from measured CPO noise correlations.
It is also planned to compare the results with a comparable Wiener square

and integrate process and with a technique known as Analysis of Variance.®

#*Booker, Aaron, 1965: Analysis of variance as a method for seismic signal
detection, SDL Rpt. No, 116, Contract AF 33(657)-12447, VT /2037, 25 Feb.
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1. LASA PROCESSING, DATA COLLECTION, AUTOMATED MAPPING
AND PREDICTABILITY OF NOISE FROM SHALLOW-BURIED ARRAYS

A study was compieted to determine the effectiveness of
LASA multichannel procezssing in separatir g teleseismic nuclear blast
signals (originating in particular regions on the earth) from teleseismic
earthguakes {originating in certain seismically active regions of the
earth). Several different cases were investigated and the results are given
in Section VII. A conceptual method of processing LASA data on-line was

evolved and is presented in summary form in Section X.

Data collection programs in support of Dallas-based research
efforts have been active and are summarized in Section IX.

An automated mapping system for presenting the world in
wavenumber space is presented in Section XI.

The UBO studies dealing with spatial predictability of
shallow-buried seismic noise and extraction of signals from cultural noise
are incomplete.

Tty ot




Date

12/21/63

5/15/64

8/64

9/1/64
9/21/64

11/15/64

12/3/64

12/15/ 64

2/15/65

6/3/65

8/65

I-10

Title

Detailed Iinformation Pertain-
ing to Monthly Report 1,
Project VT/4053

Semiannual Tech., Rpt. 1

An Evaluation of Vertical
Seismometer Array and
Horizontal Array Perform-
ance Based Upon a Theo-
retical Model of Noise and
Teleseismic Signal

Multichannel Filter Systems
for Tonto Forect Observatory

Muitichannel Filter Systems
for Tonto Forest Observatory

Semiannual Tech., Rpt. 3

Basic Theory of Proba-
bilistic Processing

A Reevaluation of Signal-
to-Noise Improvement for
Cumberland Plateau Obser-
vatory Using Local Noise

Horizontal and Vertical Arrays
for Teleseismic Signal
tnhancement: UBO Model
Theoretical Results

Semiannual Techniczal
Report 3

Vertical Array Experiments
at Uinta Basin Seismological
Observatory

REPORTS 5UBMITTED OR PLANNED FOR ARRAY RESEARCH — VT/4053

Author{s)

Backus

Jdentification

Spec. Rpt. 1

S/A Tech.
Rpi. 1

Baker, Hoffmann,
Backus, Burg
Roden, Baldwin

Roden

Baldwin Spec. Rpt. 2

Baldwin, Backus Spec. Rpt. 3
Burg, Roden, S/A Tech,
Harley, Baldwin, Rpt. 2

Bak-r

Burg, Backus Spec. Rpt. 4

Baldwin, Backus Spec. Rpt. 5

Reden Spec. Rpt. 6

d
Backus, Rodep, S/A Tech.
Rogers, Buxg, Rpt. 3 N

Hoffman, Booker,
Binder

Roden




Date Title Author{s) Identification
10/65 Some Theoretical Calculations  Rodea )

of the Performance of a
6-Element Vertical Seis-

- moometer Array
10/13/65 Preliminary Report Matrix- Booker Spec. Rpt. 8
Multiply Detectiun Process-
N ing of Array Data
10/25/65 A Compariscn of Weiner David Jacksocn Sumsrer
and Maximum Likelihood Nevelopment
Multichannel Filtering Spec. Rpt.
11/9/65 Theoretical Capability of Potter, Roden Spec. Rpt. 7

Systems of Horizontal Seis-
mometers for Predicting a
Vertical Component in Ambient
Trapped-Mode Noise

1/66 A Study of Multichannel Filter Binder Spec. Rpt. 9
Systems Incorporating Statis-
tical Gain Fluctuation
Designed for Cumberland
Plateau Ohservatory

1/66 An Evaluation of the Proper- Binder Spec. Rpt. 10
tiea of the TFO Cross Array
Based on the Evaluation of a
Mnltich~nnel Filter System
Design Using the Entire Crouss

Array

1/66 Five Programs of Automated Baker, Fubanks Spec. Rgpt. 11
Mapping System

1/66 Array Research Data Collec- Paker, Hoffmann Spec. Rpt. 12
tion {Acquisition)

1/66 LASA Processing Require- Baker, Backus Spec. Rpt. 13
ments

" 2/66 Study of Teleseisms Roden Spec. Rpt. 14

Recorded at Cu.nberiand
Plateau Obsgervatory

3/66 Results of Matrix-Multiply Booker Spec. Rgpt. 15
Detection Processing of Array
Data {Tentative Titie)

1-11/12

ool

SRR MO PRI

T L

!




SECTION 11
NEW RESULTS FROM PROCESSING OF VERTICAL ARRAY DATA

A. RESULTS OF NOISE STUDY, FILTER DESIGN AND EVALUATION
BASED ON PI2WWY DATA

Deep-well seismic datz which have bean cbtained from the
granite well designated PI2WY are displayed in Figures II-1 and II-2. As
indicated, noise recordings w-re made with a surface instrument and
deep' well instruments at four lifferent d~pths, Signal recordings were
available for the surface instrumeunt and for two depths. Each recording
consists of simultaneous data - om the surface and two depths in the well,

Start times (GMT) of the noise samples are indicated in
Figure II-1, Noise samples 1, 2 and 3 were recorded between 7 a,m., g._n&
11 a.m. (local time} while noise sample 4 wis recorded near midnight ~
(local time). Differences in noise power may indicate a difference between
day and night levels, but also could result from a long-term effect since
the recordings span au interval of 3-1/2 weeks. S5ources of the tc’eseismie
signals have been identified as follows:

¢ Signal 1, Fiji Islands Region; 17.0°S, 177,4°W; origin
time, 01/36/45,4 GMT; C&GS focal deptn, 386 km;
magnitude, 5,5 to 6,0; distance, 85°.

e Signal 2, Aegean Sea; 39.4°N, 24.0°E; origin time,
17/57/53,7 GMT; C&GS focal depth, 18 km; magnitude
5.7 to 6.5; distance, 86°,

Records ..iginally were digitized with 40- msec s~.mple rate,
After the application of a high-cut antialiasing filter (3-db down-point at
3.5 cps), the records were resampled at 120 msec for analysis, Power
spectra of the surface instrum .nt outputs (not corrected for instrument
response) are shown in Figures II-3 ar '7-4, A strong low-freguency
microseismic pzak is evident in all fo. noise spectra, but does not appear
at a’’ in the signal spectra. Apparertly, two distinct types of noise have
been recorded, Low-frequency micrcseismic noise is observed in short
(less than 10 sec) bursts which seem to arrive at random times (Figure 1I-1}),
This type of noise is extremely reproducible from one depth to another and
its amplitude shows only slight depth dependence. The other type of noise
may be observed between the low-frequency bursts and also before the signal
onsets (Figure II-2). This noise has much more high-frequency energy
and displays a clear amplitude decrease with depth, even at low f7 equencies,
It appears that this second type of noise is relatively steady and never
approaches the strength of the microseismic bursts,
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The flattening of the noise spectra above 1.5 cps is an
indication of system noise which could have been introduced either
in the recording or digitization operationz, Since system noise is
dominant in the high-frequency range, vertical array evaluation is
nosaible only for frequencies below 1.5 cps.

An important objective of this study was the evaluation a.
multichannel filter techniques applied to data from vertical arrays in weils
such as PIZWY for the purpose of signal-to-noise ratio improvement.

Such improvement can be significant only if the amplitudes of signal and
ncize depand upon depth in different predictable ways or if the noise is

not coherent, Deep well-to-surface power spectral ratics computed from
the available data are shown in Figure II-5, Below 1,5 cps, only minor
differences between signal and noise behavior can be observed. Coherence
functions computed for Noise Sample 1 (Figure 1I-6} indicate thal the noise
is predictable from channel to channel up to approximately 1.0 cps for the
larger receiver separations (6000 it, 8000 ft}) and 1.5 cps for the amallest
separation (2000 {t).

For multichanuel filter design, two models were employed.
In both cases, correlation functions computed f=om noise sample | were
used as the noise model. The signal model for the first case (MCF-1)
was obtained by averaging correlation functions of (e twe experimental
signals, For the second case {MCF-2), a theoretical signal with white
spectrum in the range of 0 to 3 cps was used. Before experimental
correlations were computed, each record was whitened by applying to all
three traces a decouvolution filter designed from the surface trace, Impulse
responses of the two MCF sets are shown in Figures II-7 and II-8.

Results of applying the filters to roise sample 1 and signals
1 and 2 are shown in Figures II-9 and II-10. For each filter set, the output
trace and the reject trace (difference between input trace 1 and output trace)
ave shown. For the high-frequency behavior of the systems to be seen more
clearly, a low-cut filter (3-db down-point at 0. 76 cps) has been applied to
both the input and output traces {(Figures II-11 and II-12).

Input and output power spectrza or signal and noise are shown
in Figure 1I-13. The only significant difference betweren the performances
of the two systerns is that MCF -2, designed on an assumption of zero-
signal power above the frequency of 3 cps, rejected everything above that
frequency. Signal-to-ncise improvements of the two systems are given in
Fiqure II-14,

Text cont'd page II-18
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At low frequencies {<0.5 cps) both systems achieved about
7 to 8 db signal-to-noise improvement, Since it is unlikely that there
could have been significant signal energy at such low frequencies, thie
result implies that noise in Noise Sample 1 was rejected more effectively
than noise in the signal records. Such behavior could be expected
from MCF -1, designed from experimental signal statistics, if there
were a marked difference in the character of the noise. The failure
of MCF -2 to reject low-frequency noise in the signal records suggests
that channel-to-channel gain compensation may not have been applied
correctly, and that the apparent changes in noise character may be arti-
ficial ones,

At intermediate frequencies (0.5 < f < 1,2 cps), neither
system achieved any significant improvement. This failure and the
propeities of the spectral ratios and coherences computed for Noise
Sample 1 can e explained most easily by assuming that the ambient
noise is composed mainly of P-waves in the intermediate frequency range.
Since the subsurface at the well site may, for practical purposes, be
represented by an infinite homogeneous half space, the only kind of surface
wave which should exist is the fundamental-mode Rayleigh wave. The
observed peaks and trcughs in the experimental spectral ratios and
coherences agree very weil with those found theoretically and experimentally
for P-waves, but should not be produced at all by Rayleigh-wave noise.

As was mentioned above, information in the high-frequency
range (> 1.2 cps) has been destroyed by system noise. The lack of
coherence observed for this noise indicates that it was probably introduced
in the analog-to-digital conversion. Noise due to digitization round-off
should be between 30 and 40 db lower than the observed system noise
level, It is therefore concluded that the explanation lies in inaccuracies
in the analog tape transports. Since performance in the intermediate-
frequency band is apparently limited br the P-wave noise level, itis
clear that the higher frequencies deserve more attention than they have
received in the past. Usef:l intormation, however, cannot be obtained
with the system used to collect the data described here. The additional
dynamic range afforded by digital field recording is sufficient for this
purpose. Alternatively, low-cut filtering of the data before recording
could be used to ease dynamic range requirements.

In summary, the results obtained for the PIZWY are
incorclusive. It appears that useful vertical array performance must be
lirnited to the frequency range .. >1.2 cps) but it 13 impossible to estimate
how much, if any, signal-to-noise improvement can be expected there.

*




Table II-1

CATALOG OF SELECTED UBO VERTICAL ARRAY RECORDINGS

Record Record Start
Identification No. Date Time Descripticn
- (GMT)

Noise Sample 1 45 Oct, 5 134010 Quiet Ncise

Noise Sample 2 46 5 135410 Intense Noise

Noise Sample 3 47 5 135810 Quiet Noise

Noise Sample 4 50 5 1422190 Intermediate-Level
Noise

Noise Sample 5 52 5 144410 Intense Noise

Noise Sample 6 53 5 144810 Intense Noise

Local Event 1 501 3 220110 Unidentified Local or
Near-Regional Event

Local Event 2 506 5 00141¢ Unidentified Local or
Near ~Regirnal Event

Local Event 3 g12 6 002010 Unidentified Local or
Near-Regional Event

Signal 1 407 5 n02210 Yukon Earthquake

Signal 2 423 5 100330 Mid-Indian Rise
Earthquake

Signal 3 403 4 041550 Oregon Offshoure
Earthquake

Signal « 406 5 001110 Mexico Earthquake

Signal 5 412 5 081910 Rat Island Earthquake

Signal 6 420 5 035100 Chile Offshore Earth-
quake

I-19
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B, MULTICHAMNNEL FILTERING OF VERTICAL ARRAY DATA FROM
GRAPEVINE AND UBO

During 1965, deep-well digital recording programs have
been carried out at Grapevine, Texas, and the Uinta Basin Observatery
(UBO), Itis hoped that these data will prove to be much more useful for
vertical array evaluation than were any data reported to dats, since for the
first time, six deep seismometers were operated simultaneously in the
wells, Instruments employed at Grapevine were a 3-component seismometer
at the surface and six deep seismometers at 3500, 4500, 5500, 6500, 7500,
and 8500 ft, Depths of the six downhole seismometers at UBO were 3900,
4900, 5900, 6900, 7900, and 8900 ft, In addition, the following were
recorded at UBO: 1 vertical-component surface instrument, 10 vertical-
component shallow-buried seismometers, 2 horizontal-component surface
instruments, outputs of 10 delay-line muitichanne! filters operating
on-line at UBQ,

Samples edited from the Grapevine recordings have beer
described in Semiannual Technical Report 3 under Contract AF 33(657) -
12747. Eighty-seven samples were edited from the first available set of
UBO records including 23 teleseisms, 10 local events and 48 noise samples,
From this set, the 15 records listed in Table II-1 were selected for use
in filter design and evaluation,

At this time, approximately six MCF systems have becn
designed from and applied to each set of data. Results have not been
examined yet in detail and will not be discussed in this report, except
for the following observation, Preliminary study of some UBO results
appears to confirm previously reporied conclusions that the seismic
noise at UBO is dominantly P-waves between 0,5 a~d 1,0 cps, Esti-
mated signal-to-noise improvements for two of the best (to date)
experimental UBO MCF systems are about 5 db below 0,66 cps, less than
2 db between 0, 66 and 1.66 cps and almost 10 db above 1,66 ¢ps, These
figures probably are not representative of the best performance which
could be obtained with proper MCF design, but seem to be reliable
indicators of the frequencies at which effective signal enhancement can be
achieved at URBO,

C. DECOMPOSITION OF UBO AMBIENT-NOISE FIELD INTO
CONSTITUENT MODES *

From September through October 1964, 3-channel vertical
array recordings were made at UBO. Data collection was described in
Semiannual Technical Report 2 and results of filter design and evaluation

*Results described in this paragraph have been presented in ''Vertical Array
Experiments at Uinta Basin Seismological Observatory', paper presented at
35th annual meeting Society of Exploration Geophysicists, Dallas, Texas,
Nov. 24, 1965,
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were reported in Semiannual Technical Report 3, both under Contract
AF 33{657)-12747, Since observed MUT performance was rmuch worse
than nad been predicted previously on a theoretical basis, * it was deemed
worttwhile to investigate the nature of the ambient noise at UBO.

By averaging values computed from 67 racordings, average
sets of signal and noise autocorrelation and crosscorrelation functions were
synthecized for a hypothetical 6-element vertical array with receivers at
depths of 200, 900, 2900, 4900, 690V, and 8900 ft, For the same array,
theoretical sets of correlation functions have heen computed for P -waves
{vertically incident) and surface waves., These ~re lisplayedin
Figure II-15, cach set being arranged in the sequence Qo Pypr e v o
Digr Pops o0 o0 Pops oo oo o Dy where the subscripts refer to
seismometers in the order of increasing depth, ¥* The thecretical models
represented in Figure II-15 are the following:

(1) Vertically incident P-waves with white spectrum in the range of
0 to 2 cps.

(2) Fundamental-mode surface waves with white spectrum in the
range of 0 to 2 cps i

A}
{3) First higher-mode surface waves with white spectrum in the
range of 0,3 tc 2 cps L

{(4) Second higher-mode surface waves with white spectrum in the
range of 0,5 to 2 cps

5} Uncorrelated white noise with equal power on all channels

Since the theoretical models were band-limited to the range
of ¢ to 2.0 cps, it was decided to limit the frequencies in the experimental
correlation sots to the same range. The upper traces in Figures II-1é
and II-17 are the band-limited experimental correlation sets for noise and
signal. The aim of this study is to approximate the experimental noige
correlation set by a summation of a group of correlation sets of known
origin., The relative contributions orf the various correlation sets to the
vest summation may be interpreted then as estimates of the relative con-
tributions of the corresponding types of noise to the observed noise fieid,

& Texas Instruments, 1965, Array Research; horizontal and vertical
arrays for teleseismic signal enhancement; ITBO model theorstical results:
Spec. Rpt. No. 6, AFTAC, Contract AF 33(657)-12747, 15 Feb,

#% For purposes of computational! ec~nomy, each set of correlation
functions has been arranged in a form .nalogous to a seismic trace and, in
this report, are displayed in that form,
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The eimplest mneans of analyzing the exnerimental noise
field would be to  npute the weighted sum of the theoretical correlation
sets which provides the best fit to the experimental correlation set on a
least-mean-square-error basis, This is somewhat undesirable since the
estimated components would bz constrained {(unreasonably) to have the same
specira that were used in compvuting their correlation functions, In order ._
to provide more freedom in the estimates, computations were run to obtain
an optirum set of filters {one filter for each theoratic-! correlztion get)
whii:h coul? be tpr .ied to the tlieoretical correlations, ' :

The filters were optimized on the Lasis that a swnmation of
the filtered correlation sets must be the best possible estimate of the
experimental correlation set, Since the input correlations were derived
initially f~om an assumption of white espectra, and since in the filtering
operation their Fourier t~ansforms are multiplied by the amplitude responses
of the appropriate filters, then the power spectra asscciated with the 3
filtered correlation sets must be identical in form to the filtsr amglitude 5
responses. These responses are interpreted as the best estimates of the '
power spectra of the contributions of ‘L.e corresponding constituents to the
noise field,

A iength of 21 points (1,44 sec) was chosen for the filters,
The corres; ondinyg frequency rcsolution is 0,695 cps. If th: filters were
of infinite length, it would be possible to make indzperdent {its to the
experimental data at every frequency. This would be almost equivalent to

the method used by A, J, Seriff in the aualysis of deep-well data from
Juno, Texas* (a '"cuiet'' site similar to UBO in many - :spects), In that
case, the decomposition wwas performed in the frequenc. dornain, At

cach of four freguencies, optimum we’ghting functions were determined to
estimate observed power ratios and coherences of seismic nonise from
theoretical power ratios and coherencss computed for P-waves and surface
waves, These weights were interpreted as estimates of the power densities
of the modes at the cerresponding frejuencies, When short optimum
filters are designea in the time domain, the g¢oiations are forced tc be smooth
functions of frequrency. Stailstical significancs is gained ai the expense of
frequency resolution.

i

The above discussion has been concerned +:ith the approximation
of the experimental noise correlation set by the group of five theoretical
correlation sets {Noise Estimate 1), The best estimns te obtained in this
way is shown by the second trace in Figure II-16. The third trace contains
the error set — the difference between the correlations being decomposed i
aud the best estimate. In addition, three other decomposiiions werse
performed:

*Shell Development Company, 1965, Seismic 101se in deep boreholes:
Semiannual Tech. Rji. No. 3, Contract AF 19(629)-2785.
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® Noise Estimate 2 —as above, but with the theoretical
P-wave correlation set replaced by the experimantal =
signal set =

& Signzl Estimate 1 —approximation of the experimental
signal correlation set by a combination of the five
theoretical sets

i @iEG

e Signal Estimate 2 — approximation of the experimental
signal correlation set by a combination of the theoretical 3
gets for P-waves and incoherent noise and the experimsntal
noigse correlation set

PITTTHITIEON i

The optimum summation traces und the associated error
traces are shown in Figures II-16 and II-17. he estimated power spectra
(i,e., the optimum filter responses) are plotted in Figure II-18,

The results indicate that P-waves feem a major part of the
UBC ambizcnt-noise field below 1 cps and that the fundamental Rayleigh mode
is much more important at the surface than any of the higher-order modes,
This finding is in general agreement with the results obtained for Juno,
Texas, from which it was estimated that P-waves and surface waves were

of approximately equal sirength at 0,25 and 0.50 cps and thac P -wave POWET
was about -5 db relative to surface~wave power at i cps. Further support
for the hypothesis of the existence of strong P-wave noise at Juno was
provided by the observation of noise bursts with velocities greater than

8 km/sec. The UBO l-cps wavenumber spectra (Semiannual Te~hnical
Report 3, Contract AF 33(657)-12747 indicate that about 20 per.: nt of the
ambient noise is P-waves and that the only other important cuntributor

is the fundamental mode. Unfortunately, the UBO array is not sufficiently
large to permit useful resolution in wavenumber space at crequencies very
much lower than 1 cps.

In both ¢ignal and noise predictizus, it was found that the
residual erroxr was less for Estimate 2 (obtzined trom a mixture of
experimental and theoretical corzelation ~¢ts) than fer Estimate !

(obtained {rom theoretical sets alone}), This difference is most pronouncrd
at low frequencies, especialiv below 0.25 ~ps; thus, the low-frequency parts
of the two experimental set: reszmble each other much more closely than
any of the theoretical models, Since low-frequency S/N is very poor in the
signals recorded at UBC. it is reasouable that ''signal' statistics and

"noige'" stalistics shouid appecr similar, Lack of agreument with theoretical

A TSI 55

values probably is uue to the tailure to corrnct for seirmometer responses

at frequencies othe> than ! cps. Whet the proceas waa forced *o choose =

among thecoretical mnvacls, the rerul*s ind cated high Y -wove-to-surface- 1
wave power ratios at low frequeucie. in both cases, In spite of disagreements
between theoretical and experimeanial sca-istics, the process was able to

rnake 2 clear cheice in fnver of 7 -wave @ 2ise.
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D, INVESTIGATIONS OF AMBIENT P-WAVE NOISE

Results obtained from a number of recording sitas indicate
the exiastence of a P-wave constituent in the ambient seismic noise, It
has been suggested that the P-wave nciege is caused by a steady backgzround
of P-waves emerging from the mantle with uniform power on a worldwide
sccie. It would follow that the only spatial variations observed at the
surface should be thos: which are due to differences in crustal transmission
characteristics. Such differences would not be expected to produce
rariations in cbserved power of more than a factot of two (assuming gooed -
coupling of sensors to solid unweathered rock}.

Multichannel filter systems employed in conjunction with 3-km
(approximately) arrays at '"noisy'' sites, ‘such as Wichita Mountains and
Cumberland Flateau, have beenfoundtobe very effective for wide-bandambient-
noise rejecticn. At ''quiet' sites, such as Uinta Basin and Tonto Forest,
significant signal-to-noise improvement has not been obtainedin the
frequency range 0.5-1.2 cps. These findings are consistent with the
hypothesis of a constant level of P -wave noise, since it appears that
0.5-1.2 cps nouise outputs of processors applied to small (less than 5 kmj
arrays are restricted by 2 lower limit which is much more uniform than
the input-ncise power levels, If information below 1.2 cpz is essential,
then the only known method of penetrating this barrier is the use of large
arrays such as the 200-lom LASA arrayir Montana. With such an array,
it should be possible to use processing systems tuned to pass only P-waves
originating from specified regions of the globe. It is clear that P-wave noise
must be a considerat’ n of prime importance in the design and location
choice of future array ..stallations.

Figure I1-19 shows ambient-noise power spect-a obtained
from five recording aites. It is believed that these curves shouvld be
related to P-wave noise level as follows:

¢ UBOC: This spectrum was obtained by applying the
computed fractional contribution of P -waves to the
total noise powur spectrum for a single noise sample
and smoothing, This appears to be 2 reasonable estimate
of P-wave noise power in the neighborhood of 1 cps, but
probably is too high at lower frequencies because of
the strong microseismic peak in the original data and
the forced smoothness of the estimated P-wave fraction,

e TFO: This curve is the spectrum of a noise sample as
recorded by a eingle seismometer. Since the 0.5-1,2 cps -
noise at TFO is assurned to be almost entirely P-~waves,
the plotted values should be only slightly higher than
the P-wave spectrum in this range.

1i-28 £




db RELATIVE TO l(mu)Z/CPS AT § CPS

FREQUENCY (CPS)

Figure II-19, Ambient Noise Spectra irom Five Array Sites
(Not Corrected for Frequency Responre of
J-M Seismorneters)
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@ CPO: This spectrum was computed for a noise sample
after it waas passed through a signal enhancement filter
{izotropic velocity filter). It is believed that the
output noise is due mainly to P-waves below
1.0 cps and surface waves or uncorrelated noise

ahove 1,0 cps.

e PI2WY: The curve represents the lower envelcpe of
spectra computed for the six PI2ZWY records {paragraph
A). If a consiant P-wave noise level is assumed, then
the total noise power always must be at least as great
as that constant level., Therefore, the curve plotted
must be an upper limit to the P-wave spectrum.,

The poor performance of MCF aystems designed for
this site implies that the P-wave spectrum is not more
than 3 db below the limitin *e 0.5-1,2 cps range.

& WMO: A simple summation of the cutpuis of the 10~
seismometer array was obtained and a power spectrum
was computed for a sing.e noise sample., Surface-wave
rejection was less effective here than in the case of the CPC
processor and sc this curve can only be interpreted as an
upper bound on the possible P-wave noise spectrum,

If the low-frequency part of the UBO curve is discarded, then
the agreement becomes very good. It should be noted thai the P-wave
noise power density reported by Seriff for Juno, Texas, is approximately
-13 db relative to 1 muz/cps at 1 cpe. This independent estimate is also
in good agreement. The curves of Figure II-19 are not corrected for the
J-M seismomet¢. ~esponse. Application of this correction to an average
P -wave specirum deduced from those curves yields the absolute P-wave

power spectrum in Figure II-20,

. Experimental evidence supports the hypothesis of P-wave
noise with a uniform (within a factor of 2} worldwide power level. An
estimated figure of 0.05 mu2/cps at 1 cps appears to be accurate to better
than an order of magnitude. The only known methcd for enhancing desired
P-wave gignals in the presence of such a background of unwanted P-wave
noise is to improve the wavenumber resolution of an array by increasing
its size to hundreds of kilomet:rs, if signal and noise both occupy the
same frequency band, The shape of the estimated spectrum of P-wave
noise implies that some advantage might be gained by a concentration of
effort in the neighborhood of 2 cps instead of 1 cps. Itis felt that
vertical arrays and small -aperturs horizontal arrays may well offer useful
advantages at frequencies above 1.5 cps. Such advantages could probably be
exploited more effectively by vertical arrays with emaller receiver spacings
than have been used to date .
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Figure II-20, Estimate of Absolute P-Wave Noise Power Spactrum
(After Instrument Response Correction)

The spectrum presented in Figure [I-2C ig admittedly a very
crude egtimate, It ie planned to attempt to refine the mode separation
results for UBO and also to apply similar techiniques to data from other
vertical arrays, It should be possible to gain additicnal useful information
from a study of ambient-noise wavenumber spectra which have been computed
for a number of horizontal array instailations,
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SECTION III
STUDY OF TELESEISMS RECORDED AT CPO
A, INTRCDUCTION

Three ensembles of teleseisme recorded by multiple array
processor (MAP) systems at Cumberland Plateau Observatory (CPO)
have been and are being studied. Almost all attention has been restricted
to the records output by isotropic processors which wer. designed to reject
low-velocity noise and preserve high-velocity signals with a minim.al
dependence on azimth, These records contain relatively clean body-wave
signals since both ambient noise and signal-generated noise (energy scattered
into surface waves in the vicinity of the receiver) are attenuated by the
processors,

Figure III-1 shows an example of the processor periocrmance.
For a representative event, power spectra were computed for an interval
containing the signal and an interval preceeding the signal onset, Between
0.75 and 2 cps, a signal-to-noise improvemeat of about 1€ ¢o 15 db is observed
for the processor relaiive to a sirgle seismometer, Since the estimated
signal spectra are actually spectra of signal plus noise, the improvernent
is, in fact, somewhat greater than it appears,

Objectives of the study are deacribed in the following
paragraphs., In some cases, only brief outlines of the results will be
given, since more detailed accounts may be found in Semiannuval Technizal
Reports 1, 2 and 3 under Contract AF 33!(657)-12747.

B. CRUSTAL REVERBERATION DECONVOLUTION

An impulsive P-wave signal emerging from the mantle
encouiters a series of reflecting interfaces. The resulting reverberaticns
of the signal have the effect of a frequency filter which converts the impulse
into a wavelet of theoretically infinite duration. In practice, the time span
of the wavelet is finite since the amplitude cannot remain above detection
threshold. It would be desirable to design an inverse filter which would
operate on the observed signal in such a way as to remocve crustal effects by
transforming the waveform back to an impulse,

As reported in the Semiannual Technical Reports 2 and 3,
atterrpts have beer. made to appily dereverbcration processing to the events
of all three ensembles, Filter design was based upon signal auto-
correlations computed from data samples containing the P-phase,
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These correlations depend on crustal effects to a much lesser degree than

on incident signal spectra, which depend on both source speztra and mantle
transmission «ffects (including anelastic absorption), 7Thus, the major effect
cf 2 deconvolution filter is to compensate for the incident signal spectrum
which is assumed to be severely band-limited, but nnt to exhibit fine
structure, However, if the filter is sufficiently long, the finc structure
rrofuced by crustal effects may also be compensated for,

fJnless the span of the deconvolution filter is more than 2 few
seconds, differences in emergence angle will not be important, For example,
Figure III-2 shows that some fine structure (probably associated with Mcho
reflections) persisted even when power spectra for 60 teleseisms of world-
wide origin were averaged. Thue, it is possible to design an "average'
filter which will deconvolve an "average' teleseismic signal, It was shown
in the case of Ensemble I that an ensemble average deconvolution filter
was almost as effective for waveform contraction as filters designed
individually for each event.

Although some crustal dereverberation may be achieved with
deconvolution filt~rs, it must be borne in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>